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Neutral current (NC) interactions of atmospheric neutrinos on oxygen form one of the major
backgrounds in the search for supernova relic neutrinos with water-based Cherenkov detectors. The
NC channel is dominated by neutrino quasi-elastic (NCQE) scattering off nucleons inside 16O nuclei.
In this paper we report the first measurement of NCQE cross section using atmospheric neutrinos
at Super-Kamiokande (SK). The measurement used 2,778 live days of SK-IV data with a fiducial
volume of 22.5 kiloton water. Within the visible energy window of 7.5-29.5 MeV, we observed 117
events compared to the expected 71.9 NCQE signal and 53.1 background events. Weighted by the
atmospheric neutrino spectrum from 160 MeV to 10 GeV, the flux averaged NCQE cross section is
measured to be (1.01± 0.17(stat.)+0.78−0.30(sys.))× 10
−38 cm2.
DOI:
I. INTRODUCTION
Neutral current quasi-elastic interaction (NCQE) of at-
mospheric neutrinos with 16O is one of the major in-
teraction channels in water based neutrino detectors for
neutrinos with several hundred MeV energy [1]. The in-
teraction processes can be written as
ν +16 O→ ν +15 O+ n+ γ,
ν +16 O→ ν +15 N+ p+ γ,
(1)
in which neutrinos knock out nucleons from oxygen and
the residual nuclei are likely to produce de-excitation γ’s.
The γ ray propagates in water and is detected by the
Cherenkov light of the electrons or positrons from comp-
ton scattering and pair production. The emitted proton
is below Cherenkov threshold, while the emitted neutron
will be captured on hydrogen, releasing a 2.2 MeV γ-ray.
We use these γ-rays to tag the interaction.
Supernova relic neutrinos (SRN), also known as dif-
fused supernova neutrino background (DSNB), are neu-
trinos emitted from all past core-collapse supernovae [2].
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The detection of SRNs via inverse beta decay (IBD,
ν¯e + p → n + e
+) is a goal of current and future large
neutrino detectors [3]. In water Cherenkov detectors
such as Super-Kamiokande (SK), where e/γ discrimina-
tion is feasible but still challenging, NCQE interactions
of atmospheric neutrinos with oxygen form a significant
background to SRN searches as well as other rare signal
searches [4–7].
Theoretical calculations of the NCQE cross section on
oxygen exist for both low [8–10] and high [1] energies
and a measurement using the T2K beam [11] is in good
agreement with the predictions. However, no previous
measurement of this process has been performed using
the atmospheric neutrino flux, where NCQE interactions
are of relevance for SRN searches. In this paper, we re-
port the first measurement of the NCQE cross section on
oxygen using atmospheric neutrinos. This measurement
is particularly important for SRN searches in future wa-
ter Cherenkov experiments such as SK-Gd [12, 13] and
Hyper-Kamiokande [14].
The paper is organized as follows: Section II intro-
duces the Super-Kamiokande experiment. Section III
illustrates the simulation of NCQE events, the Monte-
Carlo (MC) setup, and the corresponding features ex-
pected. The NCQE sample is extracted from data and
compared with MC in Section IV. Section V presents the
measurement of NCQE cross section, and discusses appli-
cations and future improvements. Section VI concludes
3the paper.
II. THE SUPER-KAMIOKANDE EXPERIMENT
Super-Kamiokande is a cylindrical 50-kiloton water
Cherenkov detector located in Kamioka, Japan, shielded
by 2,700 meter water equivalent overburden [15]. SK con-
sists of an outer detector (OD) instrumented with 1885
8-inch PMTs, optically separated from the inner detector
(ID), which is viewed by 11,129 20-inch PMTs.
SK started data taking in 1996, and since then has un-
dergone four data-taking phases: SK-I, II, III and IV.
This measurement uses data in SK-IV only, collected
from October 2008 to October 2017. SK-IV started in
the summer of 2008, when new front-end electronics and
data processing system were installed. The data acqui-
sition time window for a typical event above 7.5 MeV
in SK-IV is [−5, 35] µs from the trigger timing [16]. If
the kinetic energy of an event is above 9.5 MeV (or 7.5
MeV after the summer of 2011), and if the event is not
a cosmic-ray muon, a special high energy trigger (SHE)
and a following after-trigger with 500 µs time window are
issued, allowing for the detection of delayed-coincidence
2.2 MeV γ signals from neutron captures on hydrogen
within a 535 µs search window.
The interaction vertex of a low-energy event is re-
constructed with a time-of-flight (TOF) based algo-
rithm [17], with a vertex resolution of 65 cm for a 7.5 MeV
electron, improving as the energy increases. The energy
is reconstructed from the number of detected Cherenkov
photons corrected for water attenuation, photo-coverage,
and PMT response. A detailed description of reconstruc-
tion and calibration for low-energy events can be found
in Ref. [18].
III. SIMULATION
The MC simulation of atmospheric neutrino events is
performed in two stages. First, an event generator mod-
els the interactions of atmospheric neutrinos in water.
Final-state particles resulting from these interactions are
then tracked through a simulation of the ID to model
the detector response. This analysis uses a MC sample
equivalent to 500 years of live-time with the SK-IV setup.
A. Atmospheric neutrino flux
Super-Kamiokande performed a comprehensive study
of the atmospheric neutrino flux in the energy region
from sub-GeV up to several TeV at the Kamioka Obser-
vatory [19]. The measured observables, including event
rate, energy spectrum, and directionality, are consis-
tent with the theoretical prediction from the HKKM
model [20, 21], after accounting for neutrino oscillation.
Uncertainties on the flux are taken from the SK measure-
ment and the neutrino/antineutrino ratio uncertainty is
derived from the theoretical prediction.
B. Neutrino interactions
Atmospheric neutrino interactions with constituents
of water molecules in SK are simulated by the NEUT
generator [22], with several modifications in the neutral
current model [23]. We describe here the simulation for
NCQE.
The NCQE cross section on oxygen in NEUT is sim-
ulated by an oxygen spectral function model [24] with
the BBBA05 vector form factor [25] and the dipole
parametrization of the axial form factor [25], taking
into consideration the Pauli blocking effect at pF =
225 MeV/c. This cross section reproduces well the
Ankowski model [1] while providing additional informa-
tion on kinematics of final state particles which cannot
be directly extracted from the model. The cross section
per nucleon as a function of neutrino energy for neutrinos
and antineutrinos is shown in Fig. 1.
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FIG. 1. NCQE cross section on oxygen per nucleon as a func-
tion of neutrino energy. Solid lines show the neutrino cross
sections with proton (black) and neutron (red), and dashed
lines show antineutrinos cross section with proton (green) and
neutron (blue).
The interacting nucleus is left with a hole in 1p1/2,
1p3/2 or 1s1/2 state in the simple shell model. The de-
excitation γ energy (and corresponding branching ratio)
from the 1p3/2 state is 6.32 MeV (86.9%) or 9.93 MeV
(4.9%) in the case of a proton knock-out, and 6.18 MeV
(86.9%) in the case of a neutron knock-out. The spec-
troscopic factors follow the summary in Ref. [11]. Other
decay channels include further nucleon emission. The
branching ratios for the 1s1/2 hole state, which decays
through several channels with gamma and nucleon emis-
sion, are based on the measurements of the 16O(p, 2p)15N
experiment RCNP-E148 [26]. Continuum states with
multi-nucleon knock-out are assumed to have no gamma
emission. This assumption is taken into account in the
4estimation of systematic uncertainty on primary gamma
emission.
C. Detector simulation
The SKDETSIM GEANT3 based [27] simulation pack-
age is used to model particle propagation in the water, as
well as the optical properties, photosensor and electron-
ics response in SK. This model has been tuned to match
SK calibration data.
In interactions of atmospheric neutrinos with oxygen
nuclei, hundreds of MeV are typically transferred to the
struck nucleons, often resulting in the emission of further
secondary nucleons and de-excitation gammas. These
secondary processes are simulated with the GCALOR
package in GEANT3 [28]. In particular, the NMTC [29]
model is used for protons of all energies and neutrons
above 20 MeV, while MICAP [30] is used for neutrons be-
low 20 MeV. The discontinuity between the two models
at 20 MeV is treated as a source of systematic uncertainty
in secondary gamma emission. There is no experimental
data on the production of secondary particles in NCQE
interactions in water.
IV. EVENT RECONSTRUCTION AND
SELECTION
A. Data set
This analysis uses SK-IV data collected in a fiducial
volume 2 m away from the ID wall in all directions, con-
taining 22.5 kton of water. Due to a lowered threshold of
SHE triggers since September 2011, the live-time is differ-
ent for the kinetic energy range [9.5, 29.5] MeV and [7.5,
9.5] MeV, with 2,778 days and 1,886 days respectively.
This relatively high trigger threshold of 7.5 or 9.5 MeV
is chosen to avoid the overlap with the dominant cosmic-
ray-induced spallation background [31]. An upper limit
of 29.5 MeV in electron kinetic energy is imposed to re-
duce backgrounds from atmospheric neutrino charged-
current (CC) interactions, including Michel electrons [32]
from decays of muons below the Cherenkov threshold.
Energy resolution and secondary gamma emission con-
tribute to the reconstruction of NCQE events above the
relatively high energy thresholds of 7.5 and 9.5 MeV.
B. Data reduction
One of the main motivations for the measurement of
the NCQE cross section using atmospheric neutrinos is
to determine the contamination of NC events in SRN
searches. Similar selection steps to those used in SRN
searches [33] are used to select NCQE events. These
criteria can be categorized into the first reduction, the
spallation cut, the further reductions, and the Cherenkov
angle cut, the last of which distinguishes the data sam-
ple of SRN and NCQE events. In addition, neutrons
are tagged to further reduce the remaining backgrounds.
Neutron tagging is a technique to detect neutron capture
on hydrogen, and will be covered in the next subsection.
1. First reduction
The following reduction cuts are first applied to remove
spurious events and entering backgrounds [18, 34]. First,
a trigger cut is applied to remove calibration events and
events that trigger the OD, which are most likely to be
a cosmic-ray muon. T2K beam events are also removed
from the data sample by a beam trigger. Then, a time
difference cut is applied to remove events within 50 µs
to the preceding cosmic-ray muon, which are likely to
be decay-electrons or noise from energetic muons. Af-
terwards, remaining low energy events are reconstructed
with fitting goodness information. If the fitting goodness
is too low, the event is also excluded. A fiducial volume
cut is further applied to remove radioactivities from the
PMTs. The first reduction efficiency for the signal events
is estimated to be > 99%.
2. Spallation cut
The spallation products from energetic muons travers-
ing the detector form the main background in the 7.5-
29.5 MeV energy range at SK [35, 36]. This background
increases rapidly at lower energy.
To remove spallation background while keeping signal
efficiency, the time and track of a muon close to a low
energy event are used. A spallation-rich sample shortly
after muon events and a random sample before muon
events are used to construct a spallation likelihood func-
tion. This function is the product of four parts depending
on the transverse distance between the low energy vertex
and the muon track, the longitudinal difference between
the low energy vertex and the peak energy deposit of the
muon, the amount of energy deposited near this peak,
and the time difference between muon and candidate, re-
spectively. The maximum kinetic energy of spallation
events is 20.6 MeV [37]. Considering energy resolution
effects, spallation cuts are applied to all events with re-
constructed energy up to 23.5 MeV. If an event is highly
likely to be a spallation event, it is removed from the data
sample. Spallation cuts are dependent on energy, with
looser cuts for higher energy events. Signal efficiency for
these spallation cuts is estimated to be 90% for the high
energy bins above 17.5 MeV and 51% for the energy bin
at 7.5 MeV [37].
53. Further reduction
External gamma rays from PMT surfaces and tank ma-
terial may enter the fiducial volume and can be recon-
structed as inward-pointing tracks. We place a cut on
the distance between the PMT surface and event vertex
in the reconstructed direction of the candidate event [38].
The efficiency for this cut is estimated to be 93%.
Other possible electron-like backgrounds include scat-
tering of solar neutrinos off electrons and decay-electrons
from unobserved muons. Solar neutrinos form an impor-
tant background in the energy range below 17.5 MeV.
Therefore, a solar angle cut is applied to remove solar
neutrino events at 98% efficiency [18]. To account for
the remaining background from atmospheric CC events, a
pre-/post-activity cut which tags multiple peaks close in
time, and a multi-ring cut which tags multiple Cherenkov
rings close in space are applied [33, 38]. These cuts re-
move mis-reconstructed muons and the leakage of decay
electron from these muons at high signal efficiencies of
95% and 99%. Muons and pions can also leak into the NC
sample due to resolution smearing and mis-reconstructed
Cherenkov angle [33]. These events are tagged by the
hit/charge pattern and the sharpness of their Cherenkov
rings.
4. Cherenkov angle cut
For low energy analyses at SK, particle identifica-
tion (PID) is performed using the opening angle of the
Cherenkov ring in an event. The Cherenkov angle is re-
constructed using 3-hit combinations. Given a recon-
structed vertex, each set of 3-PMT hits uniquely defines
a cone and its opening angle. For each event, a histogram
is filled with the opening angles for all 3-hit combinations
in a TOF-subtracted time window of 15 ns and the bin
with most entries is taken as the reconstructed Cherenkov
angle for the event.
The Cherenkov angle of an electron above threshold
peaks at 42◦, while for a pion or muon below energy
upper limit of 29.5 MeV, the opening angle is less than
42◦. Single γ rays with the energy above the analysis
threshold of 7.5 or 9.5 MeV are likely to produce multi-
electrons during propagation, thus producing a more uni-
form Cherenkov light distribution. The multi-γ’s from
secondary processes further smear the Cherenkov light
direction. Therefore, the Cherenkov angle of NCQE
events is usually reconstructed with high Cherenkov an-
gles. The angle distribution after neutron tagging is
shown in Fig. 2. Events with Cherenkov angles greater
than 50◦ are accepted as the signal at an efficiency of
86%, as summarized in Table I.
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FIG. 2. Cherenkov angle distribution in data (black points)
and MC expectation (colored histograms) after all other cuts
and with neutron tagging. The green histogram shows the
non-NC backgrounds, blue shows the NC non-QE compo-
nents, and red shows the NCQE components.
TABLE I. Reduction efficiency and remaining sample size for
each data reduction step without neutron tagging. Cuts are
applied sequentially.
Reduction step Signal eff. Remaining events
First reduction > 99% ∼ 1, 600, 000
Spallation cut 77% ∼ 170, 000
Incoming cut 93% 73,348
Solar cut 98% 64,037
Pre-/post-activity 95% 56,650
Multi-ring 99% 56,156
Cherenkov angle 86% 27,577
Total 54% 27,577
C. Neutron tagging
NCQE events from atmospheric neutrinos are highly
likely to knock out a nucleon from the oxygen nucleus.
Knocked-out neutrons will propagate in water and ther-
malize. The thermalized neutron is then captured by a
hydrogen nucleus and emits a single γ at 2.2 MeV, which
can be used to tag this event.
1. Tagging algorithm
The identification of neutrons emitted in IBD processes
via captures on hydrogen in water Cherenkov detectors
was initially developed for SRN searches [33]. First, we
calculate the hits within a sliding 10 ns TOF-subtracted
time window and apply a pre-cut. A hit cluster is se-
lected as a candidate for neutron tagging only when the
number of hits within this 10 ns time window exceeds 7.
Given the poor vertex resolution for 2.2 MeV gammas,
6the vertex of the prompt event is used in the TOF calcu-
lation. Second, for every neutron candidate, a multilayer
perceptron (MLP) is applied using derived parameters
characterising hit time, hit pattern, and PMT charge. A
cut on the output of the MLP is used to select neutron
events, and its efficiency is obtained using a sample where
random trigger data is used to model the noise and the
simulated signal events are superimposed [37].
For this work, a recently upgraded neutron-tagging al-
gorithm takes into consideration the reconstruction of
neutron capture vertex using both the TOF-based algo-
rithm and a brute-force fitter [39]. It greatly enhances
the discrimination power between neutron capture sig-
nals and accidental coincidence backgrounds. The MLP
cut value is optimized for every reconstructed prompt en-
ergy bin with the expected background and signal MC,
imposing a more stringent cut for lower energy events,
for which the background rate is higher. This neutron-
tagging technique has been validated with a calibration
Am/Be source in SK-IV [40].
2. Tagging NC neutrons
Since the TOF-subtracted time is corrected with re-
gards to the primary vertex, the distance between pri-
mary vertex and neutron capture vertex affects the
neutron-tagging efficiency. For IBD neutrons from SRN
neutrinos, the neutron energy is sub-MeV and the neu-
tron drifts typically less than 5 cm away from the pri-
mary vertex. However, for neutrons from NC events,
their energy can reach several hundreds of MeVs and
the neutrons can drift meters away; hence the neutron-
tagging efficiency is dependent on neutron drift distance.
The difference in neutron-tagging efficiencies for different
neutron energy profiles are shown in Table II. The aver-
age neutron-tagging efficiency for a single NCQE neu-
tron in this analysis is 10.4%. The difference between
SKDETSIM and another neutron propagation simulation
in GEANT4 [41] is taken as a source of systematic un-
certainty.
TABLE II. Neutron tagging efficiency for different neutron
drift distances from different simulation setups with primary
events at 14.5 MeV. Background here refers to accidental co-
incidence events.
Process Pre-cut Pre-cut + MLP
SRN 35.4% 25.2%
NC 29.8% 19.1%
Bkg. per event 1.6 5.4×10−4
There are 117 events with tagged neutrons remaining
in the data sample, among which 89 events have only
one neutron tagged. The neutron capture time for the
NC sample after all reductions and with only one neu-
tron is shown in Fig. 3. The accidental event rate can
be estimated by using the same neutron-tagging crite-
ria on a random trigger sample, and is calculated to be
13.7 events in this NC sample. Fitting to an exponential
signal and a fixed background at the accidental back-
ground level, the total number of events with neutrons is
75.3 ± 9.4 and the life-time is given as 219.5 ± 47.2 µs,
consistent with the expectation of 204.7 µs [40]. Using a
fixed τ at 204.7 µs fitting as a cross-check, the total num-
ber of events with neutrons is calculated to be 68.5±12.1,
consistent with fixed background fitting. The neutron
multiplicity comparison between data and MC is shown
in Fig. 4. The distributions are consistent within the
uncertainties.
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FIG. 3. Neutron tagging time distribution for events with
only one neutron tagged. The black points show the data
distribution and the blue line shows the fitted exponential
distribution. The red histogram indicates the accidental back-
ground.
In this analysis, we select events with at least one neu-
tron tagged. The reduction efficiency including neutron
tagging as a function of reconstructed prompt energy for
NCQE gamma events within [7.5, 29.5] MeV is shown in
Fig. 5. This efficiency is relative to the NCQE events
with neutron production and de-excitation γ emission in
the selected energy range. The main efficiency sacrifice
for events above the threshold comes from the spallation
cut and neutron tagging. These cuts are tuned per MeV
energy bin towards a best significance on MC, putting
an energy dependence on the final efficiency. The overall
detection efficiency relative to the number of true NCQE
events in the fiducial volume with de-excitation γ’s is also
calculated. Figure 6 shows the overall detection efficiency
as a function of the incident neutrino energy. The higher
detection efficiency for higher energy neutrinos originates
from their higher neutron multiplicity.
7Number of tagged neutrons per event
2 4 6
Fr
ac
tio
n
0
0.5
1
FIG. 4. Neutron multiplicity in data (black points) and MC
(red histogram). The uncertainties assigned to data are sta-
tistical while those assigned to MC are the 10% intrinsic
neutron-tagging uncertainty.
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FIG. 5. Reduction efficiency as a function of the reconstructed
prompt energy. The energy dependence mainly comes from
spallation cut (50% to 100%) and the neutron-tagging cut
(4% to 22%). The error bars represent the reduction efficiency
uncertainty and the neutron tagging uncertainty, as listed in
Table. IV.
V. CROSS-SECTION EXTRACTION
The 117 events in the final data sample include NCQE,
NC non-QE channels, neutron backgrounds including
leakage from reactor neutrinos and spallation, and ac-
cidental backgrounds. To evaluate the contribution from
non-NC and NC non-QE events, and to derive the NCQE
cross section, further analysis is performed using MC and
different data samples.
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FIG. 6. Detection efficiency as a function of the incident neu-
trino energy. The error bars represent the reduction efficiency
uncertainty and the neutron tagging uncertainty.
A. Observed events
The vertex distribution of the final NC sample is shown
in Fig. 7. The vertices are uniformly distributed and
consistent with the expectations of the NC signal. The
energy distribution is shown Fig. 8. Note that the energy
dependent efficiency shown in Fig. 5 is not corrected in
this figure.
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FIG. 7. Vertex distributions of the NC sample. The solid rect-
angle shows the inner detector of SK, and the dotted rectangle
shows the fiducial volume region.
Besides accidental background, non-NC backgrounds
in the data sample include leakage from spallations, re-
actor neutrinos, as well as atmospheric neutrino CC in-
teractions. The spallation background is estimated using
a spallation data sample derived by the local proximity
to a muon in both time and space [37]. The same cuts as
in the NC event selection are then applied to this data
sample, and the number of spallation background is esti-
mated to be 0.5, mainly contributed by 9Li. Reactor neu-
trinos produce IBD positrons, for which the event rate is
predicted by a simulation based on the IAEA data [42].
Their leakage into the NC sample through Cherenkov an-
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FIG. 8. Energy distribution of the NC data sample (black
points) against MC expectations (colored histograms). The
red histogram shows NCQE signal, green shows single-pion
channels, blue shows multi-pion channels, black shows non-
NC backgrounds, and yellow shows the accidental background
without any true neutron. Summing up the green and the
blue histogram gives the NC non-QE backgrounds.
gle resolution is estimated to be 0.1 event. Atmospheric
neutrino CC backgrounds include νe CC and νµ CC. This
background is estimated from MC to be 0.4 events for νe
CC and 0.8 events for νµ CC. These non-NC backgrounds
are summarized in Table. III and compared with the MC
predictions in NCQE and other NC channels.
TABLE III. Predictions of components in the final data sam-
ple and the comparison with signal MC.
Components Events
NC single pi 33.4
NC multi-pi’s 4.2
DIS 0.0
ν¯e CC 0.4
ν¯µ CC 0.8
Accidental 13.7
Spallation 0.5
Reactor 0.1
Total background 53.1
Observed data 117
Background subtracted data 63.9
NEUT NCQE prediction 71.9
B. Measured cross section
The NCQE cross section is measured by compar-
ing data and MC expectation. The theoretical predic-
tion of flux-averaged NCQE cross section on oxygen,
< σtheoryNCQE >, can be expressed as:
< σtheoryNCQE > =
∫ 10 GeV
160 MeV
∑
i=ν,ν¯
φi(Eν)× σi(Eν)
theory
NCQEdEν
∫ 10 GeV
160 MeV
∑
i=ν,ν¯
φi(Eν)dEν
= 1.14× 10−38 cm2,
(2)
where φi(Eν) is the atmospheric neutrino flux at neu-
trino energy Eν , σi(Eν) is the corresponding theoretical
cross section, and i sums for neutrino and antineutrino
species. The energy integral is performed between 160
MeV and 10 GeV, above which the atmospheric neutrino
flux is decreasing rapidly, and below which the NCQE
cross section is very small. The uncertainty introduced
by the cutoff is evaluated and included as a systematic
error. The measured cross section is therefore expressed
as:
< σobservedNCQE >=
Nobstot −N
exp
acc −N
exp
others −N
exp
NCothers
N expNCQE
× < σtheoryNCQE >
=(1.01± 0.17stat.)× 10
−38 cm2,
(3)
where Nobstot refers to the observed number of events in
the final reduction sample, N expacc refers to the accidental
background without a true neutron, which is evaluated
from random trigger data, and N expothers refers to the non-
NC backgrounds including spallation products, reactor
antineutrinos, and atmospheric neutrino CC interactions.
The term N expNCothers refers to the expected number of NC
non-QE backgrounds, and N expNCQE refers to the expected
number of NCQE events.
C. Systematic uncertainties
Atmospheric neutrino flux uncertainty varies for dif-
ferent energy bins, as given in Ref. [19]. In this paper,
a conservative estimation at 18% in [160 MeV, 10 GeV]
is taken. Atmospheric ν/ν¯ ratio has 5% uncertainty [20].
The cross sections for NC processes other than NCQE
have 18% uncertainty [11]. The spectroscopic factors and
the gamma emission branching ratios determines the un-
certainty from primary simulation [43]. The uncertainty
from secondary gamma emission is estimated by varying
the neutron energy profile and neutron multiplicity from
the simulation [43].
Since this analysis requires at least one neutron to
be detected via neutron tagging on hydrogen, an addi-
tional systematic uncertainty arises from the uncertainty
of neutron multiplicity in neutral-current interactions.
There are no data available to estimate neutron multi-
plicity in NCQE process for oxygen, so this uncertainty
is evaluated by comparing different simulations. We com-
pared the multiplicity and spectra of primary neutrons
predicted by NEUT and GENIE [44], and the secondary
9neutron production as well as neutron thermalization and
capture predicted by SKDETSIM and GEANT4 for dif-
ferent energy spectra of the primary neutrons. Taking
the result from NEUT and SKDETSIM as the central
value, the difference in neutron multiplicity predictions
after applying the tagging efficiency is 12% for NCQE
events. For a conservative estimation, we take the dif-
ference in neutron multiplicity prediction at 100% detec-
tion effciency, 21%, as the systematic uncertainty. The
neutron energy spectra from GENIE introduces 18% de-
viation the NEUT spectra for NCQE events and 14% for
NC non-QE events. The GEANT4 simulation of neutron
transportation introduces +7% deviation from SKDET-
SIM for NCQE events, and +4% for NC non-QE events.
We assign asymmetric uncertainty to the neutron trans-
portation simulation term, and leave the neutron multi-
plicity and energy spectra uncertainty to be symmetric.
Data reduction besides neutron tagging imposes a 3%
systematic uncertainty. Neutron tagging efficiency has
10% intrinsic uncertainty from calibration (Am/Be) and
MC for low-energy neutrons. The cutoff at 10 GeV im-
poses a 0.1% uncertainty using simulation with the mea-
sured high energy atmospheric neutrino flux [19]. The
cutoff at 160 MeV imposes < 0.7% uncertainty, which is
estimated by simulation with the theoretical prediction
of low energy atmospheric neutrino flux [45]. The evalu-
ation of non-NC (reactor, 9Li, CC, etc) leakage into NC
sample imposes 21% uncertainties to N expothers, but due to
the small ratio of events from non-NC background, this
uncertainty propagates to only 0.2% on the final cross
section result.
All the uncertainties are listed in Table. IV. To ac-
count for the correlations including the flux uncertainty
and the reduction uncertainty between the NCQE sam-
ple and other samples, A toy-MC is used to derive
the uncertainty envelope for the NCQE cross section.
The 68% confidence level region is finally calculated as
[0.69, 1.83]×10−38 cm2, and the cross section is measured
to be (1.01±0.17(stat.)+0.78−0.30(sys.))×10
−38 cm2, as shown
in Fig. 9.
TABLE IV. Uncertainties in NCQE measurement
NCQE NC non-QE
νatm flux 18%
ν/ν¯ ratio 5%
Cross-section 18%
Primary γ’s 15% 3%
Secondary γ’s 13% 13%
Neutron multiplicity 21% 16%
Neutron energy 18% 14%
Neutron transportation +7% +4%
Data reduction 3%
Neutron tagging 10%
Others 0.7%
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FIG. 9. The gray histogram shows the atmospheric neutrino
spectrum predicted by HKKM model, the black curve shows
the cross section from Ankowski model, the red line shows
the predicted flux-averaged cross section, and the black point
shows the measured cross section.
D. Discussion on future improvement
The uncertainty in this measurement is dominated by
systematic uncertainties including the atmospheric flux,
cross section of other NC processes, primary and sec-
ondary process simulation, neutron simulation, as well
as neutron-tagging efficiency. The flux measurement will
improve with future Cherenkov detectors such as Hyper-
Kamiokande [14]. The cross section for other NC pro-
cesses can be improved by the T2K off-axis near detec-
tor ND280 [46, 47] and other experiments such as Mini-
BooNE [48] and MINERvA [49]. Hadron production ex-
periments such as EMPHATIC [50] will also contribute
to reducing flux uncertanties. For the simulation of pri-
mary and secondary processes, the gamma ray emission
experiment at RCNP is likely to reduce the uncertainty
soon [51, 52].
The statistics in this analysis is limited by the neutron-
tagging efficiency and the energy threshold. The present
efficiency for NCQE neutrons in pure water is relatively
poor at 4−22%. When SK updates to SK-Gd [12, 13], the
efficiency would increase to about 80% due to the higher
total energy of the γ cascades. A measurement of neutron
multiplicity will also provide contraints on the simulation
of neutron production. Besides, at SK-Gd, the neutron
capture signal can trigger the detector directly, and thus
the lower energy threshold of this analysis for prompt γ’s
will not be limited by the SHE trigger threshold. Low-
ering the analysis threshold to 3.5 MeV will double the
detection efficiency of NCQE γ events.
VI. CONCLUSION
The first measurement of the NCQE cross section with
atmospheric neutrinos on oxygen is reported. NCQE
events are selected by the nuclear de-excitation gamma
and neutron capture signal on hydrogen. The neutron-
10
tagging technique is employed to enhance the signal-
background separation. We obtained 117 events after
data reduction, in agreement with the expectation of
125.0, including 71.9 estimated from NCQE channel,
37.6 from non-QE NC channels, and 15.5 from non-NC
background. The NCQE cross section averaged over
the atmospheric neutrino flux at SK is measured to be
(1.01±0.17(stat.)+0.78−0.30(sys.))×10
−38 cm2, consistent with
the theoretical prediction of 1.14× 10−38 cm2.
This result improves the estimation of NCQE com-
ponent in low energy rare signal detection in water
Cherenkov detectors, especially in the search of SRNs.
It will also benefit future water Cherenkov experiments,
such as SK-Gd and Hyper-K.
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